We have identified the iscR (PA3815) gene encoding an iron-sulfur cluster assembly regulator homolog as one of the genes required for peroxide resistance in Pseudomonas aeruginosa PA14. Here, we present the phenotypic characterization of an iscR deletion mutant in terms of KatA expression, stress responses, and virulence. The iscR null mutant exhibited reduced KatA activity at the posttranslational level, hypersensitivity to hydrogen peroxide, and virulence-attenuation in Drosophila melanogaster and mouse peritonitis models. These phenotypes were fully restored by multicopy-based expression of katA. These results suggest that the requirement of IscR in P. aeruginosa is related to the proper activity of KatA, which is crucial for peroxide resistance and full virulence of this bacterium.
Iron-sulfur (Fe-S) proteins are evolutionarily ancient and are required for essential functions of a number of biological processes. In almost all organisms, Fe-S clusters are probably the most diversely employed enzymatic cofactor, playing a key role in electron transfer or redox-related catalysis reactions [18] . Although the assembly of Fe-S proteins can occur spontaneously, Fe-S cluster assembly and insertion into apoproteins is catalyzed by specialized enzymatic machinery. There are three such machineries currently known as the Nif, Isc, and Suf cluster-building systems, which are dispersed throughout the microbial world, with many organisms possessing more than one [34] . Among them, the Isc system, which appears to construct nascent clusters on a scaffold protein and then transfer them into recipient apoproteins, has been most extensively studied. IscS is a cysteine desulfurase that removes the sulfur from the cysteine [8] and generates an enzyme-bound persulfide, the sulfur donor for Fe-S cluster biogenesis [32, 35] . IscU is presumably a scaffold protein, upon which Fe-S clusters are formed [1, 14] , whereas IscA has been proposed to be either a scaffold protein or the Fe donor for the assembly process [7, 19] . The isc gene cluster in E. coli contains additional conserved genes (hscBA-fdx), having roles in the Fe-S assembly that are yet to be revealed, and a gene (iscR) located upstream to iscSUA that encodes the transcriptional repressor that contains a 2Fe-2S cluster responding to oxidative stress conditions and/or iron availability [9, 24, 27, 36] .
Oxidative stress refers to imbalances between the production and disposal of reactive oxygen species [31] . The toxicity of the reactive oxygen species is highly associated with the availability of free or loosely bound metal cations such as ferrous (Fe 2+ ) ions [5] . For example, hydrogen peroxide (H 2 O 2 ) is toxic in itself, but its major toxicity relies on the reaction with Fe 2+ to generate hydroxyl radicals (HO · ) via the Fenton reaction [17] , which are the strongest reactive oxygen species primarily involved in protein carbonylation, lipid peroxidation, and DNA oxidation [10] . To avoid the generation of toxic radicals, all living organisms need to regulate the intricate balance between the availability of important metals (i.e., iron) for essential cellular functions versus the toxicity conferred by radicals generated as a result of interactions between metal ions with H 2 O 2 . Thus, it is important for microbial pathogens to control the iron acquisition and transport to survive in the host tissues, where the availability of free iron is scarce and tightly controlled by host cells and not sufficient to support the growth of those invading microorganisms [26] .
In this complex context, pathogenic bacteria need to cope with both essentiality and noxious aspects by controlling the iron acquisition system and, presumably, the amount and activity of iron-dependent proteins that include heme proteins and Fe-S cluster proteins. Therefore, the Fe-S *Corresponding author Phone: +82-2-705-8793; Fax: +82-2-704-3601; E-mail: youhee@sogang.ac.kr assembly gene cluster as well as its regulation might be pivotal in the survival of pathogenic bacteria in host environments. Thus far, it has been reported that partial deletion of the suf gene cluster attenuated the survival and virulence of several bacterial pathogens including Erwinia chrysanthemi and Mycobacterium tuberculosis [15, 23] . However, a comprehensive effort to understand the roles of the Fe-S assembly systems and how they regulate oxidative stresses and iron availability has not been initiated for most bacterial pathogens.
Pseudomonas aeruginosa is one of the well-characterized bacterial pathogens, which is ubiquitously distributed in the natural habitats including water and soil. As an opportunistic human pathogen, P. aeruginosa primarily causes fatal infections in immunocompromised individuals, such as cystic fibrosis and in AIDS patients. Previously, we have identified the PA3815 (iscR) gene from TnphoA mutant clones of P. aeruginosa PA14, which showed hypersusceptibility to peroxides such as H 2 O 2 and cumene hydroperoxide [3] . The iscR gene is located immediately upstream to iscRSUAhscBA-fdx2 genes. However, there are no other proteins paralogous to IscS/NifS cysteine desulfurase, IscU/NifU scaffold protein, and IscA/SufA iron-binding protein within the PA14 genome, indicating that this gene cluster might be the sole Fe-S assembly system in PA14. In the present study, we further characterized the oxidative stress responses and virulence potential of the iscR mutant, as an initial step to understand the importance of the Fe-S assembly in P. aeruginosa biology. We found the iscR mutant was attenuated in virulence and became more sensitive to killing by peroxide. These phenoptypic characteristics are tightly associated with the reduced KatA activity in the iscR mutant, which could be attributed to deregulated iron availability and subsequent susceptibility to oxidative stresses.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Escherichia coli strains DH5α and S17-1 were used for general purpose cloning and conjugal transfer, respectively. The P. aeruginosa strains and mutants used in this study are listed in Table 1 . Cells were grown in Luria-Bertani (LB) broth or on 2% Bacto-agar (Difco) plate as described elsewhere [12] . Cetrimide-agar (Fluka) plate was used to counterselect against E. coli donor cells after conjugation on LB agar plate. Antibiotics were used at the following concentrations: ampicillin, 50 µg/ml for E. coli; carbenicillin, 200 µg/ml for P. aeruginosa; rifampicin, 100 µg/ml for P. aeruginosa; tetracycline, 20 µg/ml for E. coli and 50 µg/ml for P. aeruginosa.
Genetic Manipulations
The plasmids used in this study are listed in Table 1 . miniCTX-lacZ was used to measure the katA promoter-driven transcription initiation, which spans -159 to +136 relative to the katA transcription start site [13] . These plasmids were introduced into P. aeruginosa by conjugation. Ectopic expression and complementation experiments were performed using a multicopy plasmid, pUCP18. For KatA expression, the 2.0-kb DNA fragment that covers the katA coding region was cloned into pUCP18 [20] . For IscR expression, the PCR fragment (0.84 kb) was cloned into pUCP18, which has been described elsewhere [3] . These plasmids were introduced into P. aeruginosa cells by electroporation.
Protein Methods
LacZ (β-galactosidase) activity was measured according to the method of Miller [22] , with slight modifications. Cells were grown in LB broth from the early log phase to late stationary phase, based on optical density at 600 nm (OD ]. Catalase activity staining and Western blot analyses were performed as described previously [3, 30] . Briefly, cell extracts (20 µg) were obtained by centrifugation following sonication and applied to a native 7% polyacrylamide gel for activity staining. After electrophoresis, the gel was washed in distilled water and then placed in 5 mM H 2 O 2 for 10 min. The rinsed gel was transferred to a freshly prepared solution of 1% (w/v) ferric chloride and 1% (w/v) potassium ferricyanide. For Western blot, cell extracts (50 µg) were applied to a denaturing 12% polyacrylamide gel, which was then electrotransferred to a polyvinylidene difluoride membrane (Amersham) using the TransBlot system (BioRad) at 160 mA for 1 h. Filters were treated using both anti-KatA and anti-RpoA antisera as described elsewhere [30] .
Virulence Measurements
Virulence of the iscR mutant was scored in Drosophila melanogaster and mouse infections as described elsewhere [20] . LB broth-grown cells (OD CFU in 100 µl of phosphate-buffered saline (150 mM sodium chloride, 20 mM potassium phosphate, pH 7.0) containing 1% mucin. Groups of 10 anesthetized ICR mice (4-to 6-week-old females) were infected intraperitoneally with the bacterial suspensions.
Aerobic and Anaerobic Stress Treatments
Spotting assay using serially diluted bacterial suspensions was performed to determine the stress resistance phenotypes, as described previously [30] . Cells were grown to OD 
RESULTS AND DISCUSSION
KatA Activity is Reduced at Posttranslational Level in the iscR Mutant Since an iscR deletion mutant of P. aeruginosa strain PA14 is hypersensitive to H 2 O 2 [3] , we first examined the KatA expression in the iscR mutant in comparison with that in the wild-type strain. For the transcriptional analysis, we used the katA promoter region (spanning from -159 to +136 relative to the transcription start site) cloned into miniCTX-lacZ [20] , which was inducible to both peroxide treatment and during the stationary growth phase (data not shown). We introduced the katA-lacZ fusion at its single copy (at the att site) into the iscR mutant and determined the growth curve during the planktonic culture in LB broth. The growth rate of iscR mutant was comparable to its isogenic wild-type PA14 (Fig. 1A) . Then, the β-galactosidase activities were measured from the iscR and PA14 cells during the planktonic culture in LB broth. Fig. 1B showed no significant difference in the β-galactosidase activity between both strains at all time points. The H 2 O 2 -inducibility of katA was not affected at all in the iscR mutant as well (data not shown). These results suggest that the level of the katA transcription initiation was similar in both the wild-type PA14 and the iscR mutant bacteria.
Next, we measured the protein amount and the catalase activity of KatA in the iscR mutant. Each cell-free extract from iscR and PA14 cells taken during the planktonic culture was subjected to catalase activity staining and Western blotting using anti-KatA antibody (Fig. 1C) . Although the KatA activity was constitutively lower (about 2-folds) in the iscR mutant, compared with that in the wild-type cells, the steady-state amount of KatA protein was almost the same in both strains (Fig. 1C) , as assessed by densitometric analyses of the pixels from the data. These results indicate that there was some posttranslational alteration of KatA activity in the iscR mutant, resulting in about a 2-fold decrease at the activity level.
Interestingly, the iscR mutant cells harboring the fulllength katA gene [iscR (+KatA)] expressed a higher (about 3-folds) level of KatA protein (Fig. 1C) when compared with PA14. This might have resulted from the elevated gene dosage and/or the potential read-through from the upstream lac promoter in the pUCP18 plasmid. The iscR (+KatA) strain displayed almost the same or about 1.5-fold activity when compared with that in the wild-type PA14 (Fig. 1C) . The observation that IscR is necessary to ensure the proper activity of KatA at the posttranslational level could be attributed to the function of IscR and Fe-S cluster proteins. Since KatA is a heme-containing protein requiring ferric iron (Fe
3+
) for its activity [6] , the intracellular level of iron (Fe 2+ and Fe
) as well as its availability might be important for heme biogenesis and subsequent functional KatA expression. This hypothesis is not without precedent: for example, the mutation of bacterioferritin A (BrfA) resulted in an approximately 2-fold decrease in KatA activity [21] , suggesting a link between KatA activity and iron availability. In this regard, derepression of the Fe-S assembly system in the iscR mutant may reduce the iron availability for KatA function via some excessive ironsulfur assembly. However, the overexpression of KatA may overcome the decreased iron availability, by competing with the proteins requiring iron for their functions such as iron-sulfur proteins. This results in the similar level of KatA activity as in the wild type. Since iron is also implicated in the Fenton chemistry to generate toxic reactive oxygen species [17] , the tight regulation of iron availability is undoubtedly crucial to ensure cells' survival.
Therefore, more elaborate and quantitative experiments need to be performed to further understand the roles of IscR and the Fe-S cluster assembly system, which may directly or indirectly influence the activity of KatA in P. aeruginosa.
Hypersensitivity of the iscR Mutant to H 2 O 2 was Restored by Extra Copy of katA Based on the finding that the muticopy expression of katA suppressed the decreased KatA activity in the iscR mutant, we examined whether the peroxide sensitivity of the iscR mutant is also restored by introducing the multicopy-based full-length katA gene. Plate-based spotting assay was performed [20] . Because the Fe-S cluster in the iscR mutant may be vulnerable to oxygen-mediated oxidative stress in the normal aerobic growth [16] , we employed both aerobic and anaerobic conditions for the spotting experiments as described in Materials and Methods. The plates were transferred to an anaerobic jar filled with N 2 gas and incubated at 30 o C. To validate the anaerobic conditions, the oxyR deletion mutant was included as a control, since it displayed sensitivity under aerobic conditions (Fig. 2 , bottom strips), which could be restored by the presence of KatA catalase in the culture supernatant [11] . We spotted P. aeruginosa cells on plates containing 0.2 mM H 2 O 2 and monitored the growth inhibition both aerobically and anaerobically. In both aerobic and anaerobic conditions, the katA and the iscR mutants were not able to grow in the presence of H 2 O 2 , although the iscR mutant was slightly less sensitive than the katA mutant (see spot formations from 10 5 CFU, Fig. 2 , strips 2-3). The resistance to H 2 O 2 was completely restored by introducing the pUCP18-derived plasmid containing the full-length iscR (pUCP-IscR) or katA (pUCP-KatA) gene. The aforementioned results, as well as the observation that the KatA activity is decreased in the iscR mutant, substantiate the possible link between the proper KatA activity and peroxide sensitivity in P. aeruginosa.
The iscR Mutant Displays Virulence Attenuation in Drosophila and Mouse Models
Since the katA mutant is impaired in full virulence in P. aeruginosa strain PA14 [20] , the observation that the iscR mutant displayed about a 2-fold decrease in the KatA activity prompted us to investigate whether or not the decrease of KatA activity affected the virulence potential of the iscR mutant. We employed Drosophila melanogaster infection and mouse peritonitis models. Both infections appear to model the acute infection characteristics of P. aeruginosa pathogenesis [4, 33] , because the virulence outcome is scored as mortality within 2 days. D. melanogaster infection was performed and mortality was monitored at 25 o C for up to 54 h post-infection (Fig. 3A) . The iscR mutant was clearly attenuated in virulence, as manifested in delayed death kinetics (by more than 10.5 h) and lower mortality (by about 55% at 54 h post-infection). Provision A. Growth curve of the iscR mutant and its isogenic wild-type PA14. Growth was measured based on the optical density at 600 nm (OD 6 0 0 ) in LB broth. The wild-type PA14 (•; WT) and the iscR mutant (○; iscR) bacteria harboring the miniCTX-derived katA::lacZ reporter fusion (miniCTX-7Z1) were cultured in LB broth to inoculate fresh LB at zero time. Growth was monitored at every 1 h up to 16 h. B. katA transcription in the iscR mutant. The wild-type PA14 (•; WT) and the iscR mutant (○; iscR) bacteria harboring the miniCTX-7Z1 were grown as in A. Aliquots of cultures were taken at every 1 h from 3 h to 16 h post-inoculation and subjected to β-galactosidase (LacZ) assay. The data represent the average of the means of three independent experiments (two cultures per experiment). C. KatA activity and protein levels in the iscR mutant. Cell extracts were prepared from P. aeruginosa cells grown for 2 h, 4 h, 6 h, and 8 h in LB broth. Proteins (20 µg) in cell extracts of PA14 (WT), iscR, and iscR bacteria harboring the full-length katA gene on a multicopy plasmid (pUCP-KatA) were electrophoresed and stained for catalase activity (left strips). Proteins (50 µg) in the same cell extracts were used and the amount of KatA polypeptide was estimated by Western blot analysis (center strips). The amount of RNA polymerase α subunit (RpoA) was also estimated as the loading control using the same blots (right strips).
of the iscR mutants with the full-length wild-type iscR gene fragment restored the virulence. Interestingly, introduction of full-length wild-type katA gene also restored the attenuated virulence of the iscR mutant, suggesting that the loss of KatA activity was responsible for the reduced virulence.
Involvement of IscR-mediated KatA activity modulation in virulence was further verified using a mouse model of peritonitis-sepsis aided by the presence of mucin. The mice were subjected to intraperitoneal challenge with 2×10
6 CFU of bacterial cells, and monitored from 6 to 64 h after infection. Mice were regarded as moribund when they exhibited nonresponsiveness to stimuli, ruffled fur, and evidence of dehydration. More than 90% of the mice infected with the wild-type PA14 became moribund within 2 days (Fig. 3B) . In contrast, the iscR mutant was less virulent, and about 40% mice survived the infection. In addition, the kinetics of death was also delayed by more than 15 h (Fig. 3B) , which is quite similar to the katA mutant [20] . The death by bacterial infections was accompanied by increase of the bacterial burdens, as assessed by enumerating bacterial cells in organs such as kidney, liver, and spleen of the infected mice (data not shown).
The attenuated virulence in the iscR mutant was fully restored by multicopy expression of the wild-type iscR or katA gene in the iscR mutant. Again, based on these results, we propose that the virulence attenuation in the iscR and katA mutants might be originated from decreased functional expression of KatA.
The iscR and the katA Mutants Displayed Different Susceptibility to Paraquat and KCl. To determine if the loss of iscR also affects other cellular processes, we examined the response of the mutant to paraquat and salt (KCl) under aerobic and anaerobic conditions. Different susceptibilities between the katA and iscR mutants were observed to paraquat and KCl (Fig. 4) . The iscR mutant was no less sensitive to KCl treatment than the wild type, which is in contrast to the hypersusceptibility of the katA mutant to KCl and sucrose treatments [20] . In contrast, the iscR mutant was susceptible to paraquat, a superoxide-generating redox cycling chemical, whereas the katA mutant was no less sensitive to paraquat treatment than the wild type. The paraquat toxicity in the iscR mutant was most likely independent of oxygen, since there was no difference in susceptibility to paraquat under both aerobic and anaerobic conditions. There might be other toxicity mechanisms of paraquat than generating superoxide radicals, based on the observation that cells were damaged by paraquat even in the presence of high superoxide dismutase activities [29] .
In summary, we characterized several phenotypes of the iscR mutant in the present study, which include susceptibility to peroxide and paraquat, and virulence attenuation in acute infection models. The peroxide susceptibility and virulence attenuation were probably attributed to the decreased KatA activity, which was restored by introducing the katA gene. Since the KatA catalase is the major enzyme to detoxify the harmful effects otherwise exerted by H 2 O 2 , its activity should be properly preserved in bacterial cells. In a broader view concerning the relationship between iron and oxygen (or oxidative conditions), the catalase may work as a heme/iron storage protein in vivo to coordinate the balancing acts of the two characters of iron and Fe-S center (i.e., beneficiary effect with cofactor functions versus harmful side effect via Fenton chemistry), even though the detailed chemistry for both effects by iron may not be fundamentally discriminated. Analogous to E. coli IscR, P. aeruginosa IscR is likely the 2Fe-2S cluster containing transcriptional regulator that represses the Fe-S assembly system. The inactivation of IscR by disrupting the Fe-S cluster, (i.e., oxidizing or depleting iron in the cluster) may lead to the increased assembly of Fe-S proteins with concomitant Fe 3+ reduction as well as iron uptake. All these aspects await further characterization focused on the function of the Fe-S cluster system and its coordinated regulation involving IscR in P. aeruginosa and may provide a new insight into the therapeutic target associated with oxidative stress and/or iron availability. 
